Boronic acid-functionalized (co)polymers have gained increasing attention in the field of responsive polymers and polymeric materials due to their unique characteristics and responsiveness towards both changes in pH and sugar concentrations. This makes these (co)polymers excellently suited for various applications including responsive membranes, drug delivery applications and sensor materials.
Introduction
For the last 20 years, the field of responsive polymers has attracted a lot of attention. A responsive polymer can be defined as a polymer that changes its properties in response to a change in environmental conditions. [1] [2] [3] Within this field, boronic acid-containing copolymers have been used for various applications based on their responsiveness towards changes in pH and the concentration of 1,2-and 1,3-diols. The interaction of the boronic acid functional groups with various mono-, di-and polysaccharides causes a shift in the boronic acid equilibrium to the charged anionic boronate esters.
This shift increases the amount of negatively charged side chains and, therefore, the hydrophilicity of the entire (co)polymer. [4] [5] [6] Depending on the architecture and structure of the copolymer in solution, this interaction can lead to the swelling of cross-linked materials, but also to complete dissolution of insoluble polymers or polymer aggregates, using a so-called isothermal LCST phase transition. 7 Although some applications like affinity chromatography 8 or reactive surfaces 9 focus on the specific interaction between BA moieties and a chosen diol, most applications are directed towards the use of the pH-and saccharide-dependent polymeric phase transition in e.g., responsive membranes, drug delivery and sensor applications. The applicability of BA-containing copolymers has recently been highlighted by Sumerlin et al. 10 and the different applications have been the subject of multiple reviews.
11 -13 The polymerization of unprotected boronic acid-containing monomers is notoriously difficult due to the low solubility of the monomers, cross-linking through boronic anhydride formation, interference of the BA moiety with the polymerization kinetics and difficulties in characterization of the obtained materials. [14] [15] [16] [17] The most popular strategy to overcome these drawbacks is to protect the boronic acid as an ester (often with pinacol), albeit at the cost of introducing two addition steps for protection of the monomer and deprotection of the resulting polymer.
14, [18] [19] [20] [21] Another strategy to bypass the adverse effects of the BA moiety during polymerization and polymer characterization is to introduce these moieties through post-polymerization modifications on a precursor copolymer. This is most commonly achieved through the coupling of a carboxylic acidfunctionalized copolymer and an amino-functionalized BA-containing reagent like aminophenylboronic acid, activated by a carbodiimide like dicyclohexylcarbodiimide (DCC), 8 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) or N,N'-diisopropylcarbodiimide (DIC). 22 This approach has been used to modify polyacrylic acid-based polymer films, 23 natural polysaccharides like alginate 24 and peptides including poly(aspartic acid). 25 The inverse reaction is also perfectly possible for the functionalization of amine-functionalized (co)polymers with e.g., carboxyphenylboronic. 22, 26 Other post-polymerization modification approaches that have been utilized to introduce BA moieties include reductive amination, 27,28 radical thiol-ene coupling 29 and the transformation of pendant trimethylsilane-styrene moieties into various boronic acids and esters through an exchange reaction with BBr3 and suitable alkoxide derivatives. [30] [31] [32] [33] PAOx are an interesting class of biocompatible 34, 35 and highly versatile polymers 36, 37 that allow for finetuning of various properties, including phase transition temperatures and functionalities through careful monomer design. 2-Oxazoline monomers are polymerized using cationic ring-opening polymerization (CROP), in recent years most often under microwave conditions. 38 The chemical versatility allows the synthesis of well-defined PAOx (co)polymers with a large variety of side chains as well as both α-and ω-end-groups through the choice of, respectively, initiator and terminator. 39 This polymerization method, however, requires meticulous purification of all chemicals involved and restricts the range of side-chain functionalities to non-nucleophilic groups. The direct incorporation of alcohols, amines or carboxylic acids is impossible through copolymerization of corresponding unprotected functionalized monomers, as these functionalities will act as a terminator for the CROP.
These functional groups can however be incorporated in the side chain of PAOx through various protection or post-polymerization modification techniques. [40] [41] [42] [43] [44] [45] [46] Recently, we introduced a more general approach to introduce side chain functional groups through direct amidation of a labile methyl ester-side chain (co)polymer. 47 Currently, there is no scientific publication available that details a pathway for the synthesis of BA-containing PAOx, nor for the synthesis of a BA-containing 2-oxazoline monomer, either protected or unprotected. The interference between the BA moiety and the labile oxazoline species, but also the possible interactions with the cationic oxazolinium species during polymerization, most likely has discouraged most groups in attempting the combination of these two chemistries. This combination is however very promising as it allows the introduction of pH and sugar responsive behavior in the biocompatible PAOx.
In this paper, we will use the previously mentioned methyl ester PAOx platform to incorporate the incompatible BA moieties and synthesize novel BA-decorated PAOx. To highlight the large variety of possible polymeric properties, the introduced pH-and glucose-responsive behavior will be combined with temperature-responsive phase separation through the incorporation of BA-containing side chains with poly(2-n-propyl-2-oxazoline) (PnPropOx), which exhibits LCST-like behavior around 25 o C.
48-51
Experimental Chemicals n-Propyloxazoline (nPropOx) was synthesized according to a literature procedure, 52 purified and dried by fractional distillation over BaO. Methyl ester oxazoline was synthesized and purified according to a previously reported procedure. 53 Synthesis of mono-boc protected ethylene diamine wise over several hours at rt. After 48 h the mixture was decanted, filtered and evaporated to yield an oily residue. This was added to 250 mL of deionized water to precipitate the double reacted symmetrical side product. After filtration, the aqueous phase was saturated with NaCl (≈ 90 g) and extracted with DCM (6 X 100 mL). The collected organic phases were dried with anhydrous Na2SO4 and afterwards the solvent was evaporated to yield a yellowish oil. Yield: 6.63 g (95 %). 
Synthesis of 4-carboxyphenylboronic pinacol ester (4-CPBA-pin)
3.04 g of pinacol (25.7 mmol, 0.95 eq) was dissolved in 100 mL of anhydrous DCM. To this mixture, 12 g of dried activated molecular sieves (4 Å) and 4.5 g of 4-CPBA (27.1 mmol, 1 eq) were added. This mixture was stirred for 12 h at rt after which the unreacted 4-CPBA and the molecular sieves were filtered off. The resulting white solid, after evaporation to dryness, was recrystallized from hot ethyl acetate to yield the product as white, needle like crystals. Yield: 3.09 g (48.4 %). 
Copolymerization of n-PropOx and MestOx
The starting copolymers are synthesized via microwave-assisted cationic ring opening polymerization, according to a previously reported procedure. 54 The monomers and the initiator methyl tosylate (MeOTs) were dissolved in dry acetonitrile ([M]tot = 3 M) with a monomer to initiator ratio of 100/1.
The polymerization mixture was heated to 140 °C for 20 min using microwave irradiation after which the polymerization was terminated at high conversions by the addition of piperidine. The copolymers were purified by double precipitation in diethyl ether from DCM and dried in a vacuum oven after which they were characterized using 
Direct amidation of P(nPropOx-co-MestOx)
A typical procedure for this reaction will be described for P(nPropOx80-co-MestOx20). 0.5 g of P(nPropOx80-co-MestOx20) (12.3 kDa, 0.813 mmol methyl esters, 1 eq) was dissolved in 2 mL of monoboc-protected ethylene diamine (12.2 mmol, 15 eq) and a few drops of DCM to increase the solubility and decrease the viscosity. This mixture was stirred for 3 days at rt and monitored using 1 H-NMR spectroscopy focusing on the disappearance of the methyl ester peak (δ = 3.68 ppm). After complete conversion, the polymer was precipitated in a ten-fold excess volume of cold diethyl ether, decanted and dried. Subsequently, the boc-group was removed by dissolving the PAOx in 20 mL of 1/1 TFA/DCM at rt and stirred for 12 h. After evaporation of the TFA/DCM, the polymer was redissolved in deionized water and dialyzed against deionized water for three days, changing the water twice a day. Freezedrying of the purified polymer solution revealed a white fluffy material. Yield: 0.32 g (68.14 %), SEC (DMAc + 50mM LiCl, PMMA-std): Mn = 21,000 g/mol, Ɖ = 1.08, Functionalization of P(nPropOx-co-AmOx) with boronic acid moieties through HATU coupling A typical procedure for this reaction will be described for P(nPropOx80-co-AmOx20). 0.3 g of P(nPropOx80-co-MestOx20) (12.9 kDa, 0.48 mmol amine, 1 eq) was dissolved in 1.5 mL of DMF.
Separately, 0.124 g of 4-CPBA-pin (0.5 mmol, 1.1 eq) and 0.25 g of HATU (0.66 mmol, 1.4 eq) were dissolved in 1.5 mL of DMF and 0.43 mL diisopropylethylamine (DIPEA, 2.47 mmol, 5.3 eq). This was stirred for 30min at rt until the mixture turned dark yellow. The reaction mixture was added to the polymer solution and stirred for another 24 h at rt. The polymer was precipitated once in a ten-fold excess volume of cold diethyl ether, decanted and dried. Subsequently, the pinacol group was removed by dissolving the polymer in NaOH aqueous solution (pH 10) and dialyzing against a basic aqueous solution (NaOH, pH 10) for three days, changing the water twice a day. The sample was then neutralized by dialysis against deionized water for three days, changing the water twice a day. (broad, backbone), 2.3 (broad, N-CO-CH2-), 1.5 (broad, CO-CH2-CH2-CH3) 0.75 (broad, CO-CH2-CH2-CH3).
Based on the similar chemical environment, the CO-NH-CH2-CH2-NH-CO most likely overlaps with the backbone proton signal. Further elucidation of the large, multimodal peak at 3.4 ppm is obscured due to interference with MeOH (3.33 ppm) and residual 1,4-dioxane (3.6 ppm).
Turbidimetry measurements -Crystal 16
Cloud point measurements on the PAOx copolymers were performed in 0.7 mL solutions containing 1 mg/mL of polymer in deionized water. Temperature ramps of 1 °C/min were used to heat and cool between 5 and 95 °C while stirring at 700 RPM and flushing the measurement chamber with pressurized air to reduce condensation on the cuvette at low temperatures. Three heating and three cooling ramps were performed alternately. The Tcp and Tcl were determined at 50 % transmission and averaged over the final two cycles.
Results & discussion
Synthesis of boronic acid-decorated poly(2-oxazoline)s through post-polymerization modification
The cationic ring opening polymerization (CROP) of 2-oxazolines to prepare PAOx does not allow the direct incorporation of nucleophilic side chains such as alcohols, amines or carboxylic acids. These nucleophilic functionalities will act as a terminator for the CROP resulting in loss of control over the polymerization. Alternatively, these groups can be incorporated through various protection or postpolymerization modification techniques using, for example, a (co)polymer with labile methyl ester-side chains. 47 Based on this methyl ester PAOx platform and its direct amidation, a novel pathway has been developed to synthesize novel PAOx copolymers with BA moieties in the side chain ( Figure 1 ). The methyl ester copolymer is synthesized by CROP of 2-n-propyl-2-oxazoline (nPropOx) and 2-methoxycarbonylethyl-2-oxazoline (MestOx) in acetonitrile through microwave-assisted polymerization initiated by methyltosylate (MeOTs) and stopped after 12 min at 140 °C by the removal of heat and addition of piperidine as terminator. The ratio of monomer to initiator was kept at 100/1 while the content of MestOx in the feed ratio was either 10 or 20%. The resulting statistical copolymers were purified by two precipitations in cold diethylether. 53, 54 The methyl ester side chain of the P(nPropOx-co-MestOx) can easily be modified via a direct amidation reaction with various primary amines. 47 This one step procedure is most efficient with small, liquid amines in which the (co)polymer can be dissolved. Under these conditions of high polymer concentration and large amine excess, the direct amidation can quantitatively be performed at room temperature. 47 To prevent any polymer cross-linking during this step, mono-boc-protected ethylene diamine (boc-EDA) was used as direct amidation reagent and synthesized by reacting boc-anhydride with ethylenediamine. The formation of mono-boc-protected ethylene diamine was favored by working under dilute conditions in DCM and by slowly adding the boc-anhydride solution to a large excess of ethylene diamine while cooling. After evaporation of the organic solvent, the mono-bocprotected ethylene diamine was isolated by extraction with EtOAc from a NaCl saturated aqueous solution. Any remaining, unreacted ethylene diamine remained water-soluble, while double bocprotected ethylene diamine precipitated in the aqueous solution and was filtered off prior to NaCl addition. The salt decreased the solubility of the desired boc-EDA compound by increasing the ionic strength of the solvent. The direct amidation was then performed by solubilizing P(nPropOx-coMestOx) into the viscous boc-EDA and stirring at rt for 3 days. The reaction was easily followed by 1 H-NMR spectroscopy (Figure 2) , focusing on the disappearance of the methyl ester peak at 3.6 ppm (CDCl3). After precipitation of the copolymer in cold diethyl ether, the boc-groups of the side chains were removed in 1/1 TFA/DCM, after which any remaining ethylenediamine was removed via dialysis against deionized water. The copolymer was finally obtained by freeze-drying of the mixture to yield a white, brittle material which was highly hygroscopic. Even though the use of mono-boc-protected ethylenediamine completely prevents any cross-linking during the amidation reaction, it has been reported that potential cross-linking becomes a bigger issue for copolymers containing more than 20%
MestOx. 55 This means that for the currently used starting copolymers, the first side-chain modification step can also be performed using a large excess of unprotected EDA. This would not only remove the extra protection and deprotection steps but also simplifies the copolymer work-up to evaporation under high vacuum and freeze-drying.
The synthesized P(nPropOx-co-AmOx) provided a handle for the boronic acid incorporation through amide coupling. For this amide coupling, the use of HATU was preferred since it is considered one of the more reactive coupling reagents. Prior to reaction, 4-carboxyphenylboronic acid (4-CPBA) was The purified, deprotected copolymers were further characterized using SEC to confirm that the modifications did not influence the molar mass dispersity or cause cross-linking. Figure 3 shows the characteristic SEC traces for µW assisted polymerization of 2-oxazolines with low molar mass dispersities (Ɖ < 1.1) and a double molecular weight shoulder caused by transfer reactions during the polymerization. 52, 56 The retention of the polymer dispersity and modality in the SEC traces after modification suggests that no intermolecular cross-linking has taken place in the purified copolymer
samples. An interesting observation is the influence of the different modification steps on the hydrodynamic volume in DMAc (+ 50mM LiCl). The SEC traces for the 20% MestOx nicely shift to higher molecular weight for each modification step, showing that with each step the SEC solvent becomes a 'better' solvent for the modified copolymer. This trend is probably a simplification of the influences of the changing side groups, as the traces of the 10% MestOx copolymers do not show this gradual increase despite incontrovertible proof of modification supplied by the 1 H-NMR spectra (Figure 2 ). This discrepancy between the different SEC trace overviews might also be related to the presence of residual salts in the purified P(nPropOx90-co-BAOx10). pH-dependent thermal phase transition P(nPropOx) is known for its thermoresponsive properties characterized by a sharp LCST transition around 25 °C without any noticeable hysteresis between the heating and the cooling curves. 48, 57 The incorporation of BA moieties through post-polymerization modification allows for the introduction of an additional level of control on the thermoresponsive properties through the pH-and glucosedependent equilibrium between neutral boronic acid and charged boronate acid/ester. The influence of pH on the thermoresponsive properties is determined by performing turbidimetry measurements of a P(nPropOx-co-BAOx) aqueous solution at different pH. The polymer phase transition is characterized by a cloud point temperature (Tcp) and clearance point temperature (Tcl), which are defined as the temperature at 50% transmittance for the heating and the cooling curves, respectively. 
Glucose-dependent thermal phase transition
Due to the strong resemblance between the BA moieties incorporated into the PAOx and the previously discussed DDOPBA structure, the first attempts at investigating glucose responsivity were performed in a PBS buffer at pH of 7.4. Unfortunately, due to the strong salting-out effect caused by the phosphate and NaCl salts 58 The results in Figure 5 show the expected increase in transition temperatures with increasing concentration of D-Glu caused by the formation of charged boronate esters. Although the temperature window is slightly smaller compared to the one observed during pH titration in both cases, the 35 K difference in the case of P(nPropOx85-co-BAOx15) is enough the raise the Tcp above body temperature upon addition of about 5 mM of D-Glu, opening up the possibility of using this system for in vivo drug delivery applications. Similar to the pH titration, the effect of the added D-Glu is less for P(nPropOx91.5-co-BAOx8.5), with a maximum Tcp of around 35 °C as a result of the lower amount of BA in the copolymers although it seems to reach this plateau value at the same D-Glu concentration as the P(nPropOx85-co-BAOx15) namely around 75 mM. Limited sample availability precluded measurement of the transition temperatures of the P(nPropOx85-co-BAOx15) at the high glucose concentrations. The apparent increase in hysteresis in both cases as a result of the D-glucose concentration is unexpected and might be related to the identity of the BA moieties in the precipitated polymer. It is assumed that upon precipitation of the BA-polymer under these conditions, the glucose is not included within the formed polymer globule. The large hysteresis supports this idea as the exclusion of the glucose from the polymer globule would decrease the hydrophilicity and therefore both the Tcp and 
Conclusions and outlook
The field of boronic-acid decorated copolymers was expanded with novel poly(2-alkyl-2-oxazolines), which were modified through the post-polymerization modification of a copolymer of n-propyl-2-oxazoline (nPropOx) and a methyl ester oxazoline (MestOx). This biocompatible LCST copolymer can be modified with a variety of primary amines through direct amidation of the labile methyl ester. The use of ethylene diamine allowed the decoration of the PAOx copolymer with amines, which were subsequently modified with 4-carboxyphenylboronic acid using HATU-assisted amide formation. The addition of BA moieties alongside the PnPropOx introduces a pH and glucose dependency on the thermal transition characteristics, allowing control of the cloud and clearance point temperatures between 20 and 65 °C. These novel triple-responsive materials are the first example of BAfunctionalized PAOx copolymers and highlight the potential of these materials in the fields of drug delivery, glucose-dependent permeable membranes or temperature sensors with thermal history.
